Objectives: Two-channel recordings of infants' airand bone-conduction auditory brainstem responses to brief tones show ipsilateral and contralateral (to the stimulated ear) asymmetries which may be used to isolate which cochlea is the primary contributor to the response. The objective of this study was to determine whether similar ipsilateral/contralateral asymmetries are also present in the air-and boneconduction "brainstem" (77 to 101 Hz) auditory steady-state responses (ASSRs) of infants.
ASSR amplitudes are larger and phase delays are shorter in the ipsilateral EEG channel. For infants, the difference in air-conduction ASSR amplitude between EEG channels was twice that observed for adults. Infants also had greater ASSR amplitude differences between EEG channels for bone-conduction stimuli compared with adults, but the difference was less than that seen for air-conduction stimuli. For air-conduction stimuli, infants had significantly longer phase delays in the contralateral EEG channel compared with the ipsilateral EEG channel. Adults showed no significant differences in air-conduction ASSR phase delay between EEG channels. For bone-conduction stimuli, both infants and adults had significantly longer phase delays in the contralateral EEG channel compared with the ipsilateral EEG channel; the differences in ASSR phase delays between EEG channels were much smaller in infants compared with adults and fewer adults had absent responses in the contralateral EEG channels compared with infants (12% versus 34%). When the transducers were switched to the opposite ear/mastoid, the infant and adult ipsilateral/contralateral asymmetries also switched.
Conclusions:
Ipsilateral/contralateral asymmetries in air-and bone-conduction ASSRs are clearly present more often and are larger in infants compared with adults. Our findings also suggest that most infants have at least 10 to 30 dB of interaural attenuation to bone-conducted stimuli. These asymmetries in the bone-conduction ASSR have potential as a clinical tool for isolating the cochlea that is contributing to the response in infants. (Ear & Hearing 2008; 29; 185-198) Previous studies have shown that two-channel recordings [i.e., electroencephalographic (EEG) channels ipsilateral and contralateral to stimulus ear] of the bone-conduction auditory brainstem response (ABR) show maturational differences (Foxe & Stapells, 1993; Stapells & Ruben, 1989; Stuart, et al., 1996) . ABRs to brief-tone bone-conduction stimuli in infants in the contralateral EEG channel have smaller wave V amplitudes and longer wave V latencies compared with the ipsilateral EEG channel. In contrast, adults have more similar wave V amplitudes and latencies in the two channels. These latency and amplitude asymmetries in infants are present at all intensity levels and persist until at least 1 to 2 yr of age (Stapells & Mosseri, 1991) . The ipsilateral/contralateral asymmetries, which relate both to developmental changes in skull structure and to neurophysi-ology, may be used to provide valuable diagnostic information when assessing bone-conduction hearing in infants by identifying the cochlea that is responding to the stimulus (Foxe & Stapells, 1993; Stapells, 2000; Stapells & Ruben, 1989) . This is particularly important in cases of bilateral conductive loss when it is difficult (or impossible) to isolate the stimulus ear using behavioral measures (Jahrsdoerfer, et al., 1985; Stapells & Ruben, 1989) .
Because interaural attenuation in adults is much less for bone-conduction [10 dB on average at 250 to 4000 Hz (Nolan & Lyon, 1981) ] compared with air-conduction [supra-aural: 40 to 50 dB on average at 250 to 4000 Hz (Goldstein & Newman,1994, p. 117) ; insert earphones with deep insertion: 69 to 94 dB on average at 500 to 4000 Hz (Sklare & Denenberg, 1987) ] stimuli, it is difficult to determine how much each cochlea contributes to the resulting boneconduction ABR without using additional methods. Presenting masking noise to the ear contralateral to the test ear is often used to isolate the test ear; however, masking may not be practical when assessing infants because of the extra time required for testing, the difficulties of earphone placement, and the uncertainty about how much masking noise to use (Stapells & Ruben, 1989) . The asymmetries in the ipsilateral and contralateral bone-conduction recordings provide valuable ear-specific diagnostic information based on the assumption that the cochlea closest to the channel which shows the largest and earliest wave V contributed to the recorded ABR (Stapells & Ruben, 1989) .
The brief-tone ABR is currently the "gold standard" for estimating frequency-specific air-and bone-conduction thresholds in infants (Stapells, 2000; Stapells, et al., 2005) ; in the near future, the 80-Hz multiple auditory steady-state response (ASSR) may be used in conjunction with or replace the brief-tone ABR. The most attractive feature of the ASSR is that a response is detected objectively rather than by subjective visual interpretation (which is the case for the ABR). Also, the multiple ASSR can test as many as four frequencies in one ear simultaneously (as many as eight frequencies in total for air-conduction stimuli) (reviewed in Picton, et al., 2003) ; compared with an ABR or ASSR elicited by a single stimulus, testing time is potentially two to three times faster (Herdman & Stapells, 2001; Herdman & Stapells, 2003; John, et al., 2002) .
Our recent studies were the first to estimate bone-conduction thresholds in infants using multiple ASSRs Small & Stapells, 2006) . The results of these studies showed that it is possible to record bone-conduction ASSRs to multiple stimuli in pre-and postterm infants with normal hearing and revealed differences in bone-conduction thresholds between two infant groups compared with adults. In particular, the results showed that infants had better low-frequency and poorer highfrequency ASSR thresholds compared with adults. Although more studies are needed to obtain boneconduction ASSRs in infants of different ages and in infants with hearing loss before this technique is ready for clinical use, it clearly has promise as a bone-conduction threshold assessment tool for infants. Based on the previous studies that report ipsilateral/contralateral asymmetries in the boneconduction ABR in infants, and on source analysis studies that showed that the 80-Hz ASSR is primarily generated in the auditory brainstem (Herdman, et al., 2002; Kuwada, et al., 2002; Mauer & Dö ring, 1999) , we hypothesize that these asymmetries will also be present in the 80-Hz ASSRs of infants.
The purpose of the present study is to determine whether ipsilateral/contralateral asymmetries are seen for infant bone-conduction ASSRs, similar to those reported for infant bone-conduction ABRs. If there are significant differences in ipsilateral and contralateral ASSR amplitude and phase measures, this technique might be used to assess which ear is responding to the bone-conduction stimulus while simultaneously obtaining bone-conduction thresholds. For comparison, two-channel air-conduction ASSRs will also be recorded. Unlike the bone-conduction condition which may result in stimulation of both cochleae due to the auditory signal crossing over to the cochlea contralateral to the ear closest to the transducer, we can be sure that the air-conduction condition, for stimuli presented at intensities less than the minimum interaural attenuation with insert earphones [69 to 94 dB, depending on frequency (Sklare & Denenburg, 1987) ], results in monaural stimulation. Any ipsilateral/contralateral asymmetries in the ASSR elicited by the air-conduction stimuli would result only from neurophysiologic differences in the ipsilateral and contralateral views of the underlying neurogenerators, and not from a combination of neurophysiologic differences and cross-over of the auditory signal.
MATERIALS AND METHODS

Participants
A total of 11 adults (seven female) and 14 infants (seven female) recruited from the community participated in this study. All adults (age range: 18 to 40 yr; mean age of 23 yr) had normal hearing (i.e., pure-tone behavioral thresholds Յ25 dB HL at 500, 1000, 2000, and 4000 Hz, respectively). All infants (age range of 8 to 44 wk; mean age of 21 wk) who participated passed a distortion-product otoacoustic emissions screening test in both ears. One of the infants participated in a previous study . Four additional adult participants were excluded from the analyses of the mean data because they had atypically large ASSR amplitudes (Ͼ253 nV); in contrast with most recent ASSR studies, the present study used mastoid electrodes and, therefore, it is likely that these very large "ASSRs" reflected postauricular muscle responses rather than responses arising from the auditory brainstem (O'Beirne & Patuzzi, 1999) .
Stimuli
All stimuli were sinusoidal tones with the carrier frequencies 500, 1000, 2000, and 4000 Hz that were 100% amplitude and 25% frequency modulated at 77.148, 84.961, 92.773 , and 100.586 Hz, respectively. The phase of the frequency modulated component for each carrier frequency was adjusted to optimize the ASSR amplitudes using the results from John et al. (2001b) . The stimuli were presented simultaneously for all conditions tested (i.e., multiple). All stimuli were generated using Sasha John's custom-made two-channel version of the Rotman MASTER research system (John & Picton, 2000a) . The system used a buffer length of 25,600 points and a digital-to-analog (D/A) rate of 31,250 Hz, which is an integer submultiple of the 20 MHz clock rate, but not an integer multiple of the carrier frequencies . The stimuli were routed through a Stanford Research Systems Model SR650 to increase the gain of the signal by 10 dB and were then attenuated through Tucker-Davis Technologies HB6 and SM3 modules.
The bone-conduction stimuli were presented to a Radioear B-71 bone oscillator, which was coupled to the head using an elastic headband with 400 to 450 g of force . The bone oscillator was placed on the temporal bone slightly posterior to the upper part of the pinna for all infants and adults tested. Bone-conduction stimulus intensities ranged from 50 to Ϫ10 dB HL and were presented using 10-dB steps [intensities greater than 50 dB HL for multiple stimuli resulted in nonlinearities in the oscillator output ].
Calibration
The bone-conduction stimuli were calibrated in Reference Equivalent Threshold Force Levels in dB re: 1 N corresponding to 0 dB HL for the mastoid (ANSI S3.6-1996) using a Brü el and Kjaer Model 2218 sound level meter and Model 4930 artificial mastoid. The oscillator was coupled to the artificial mastoid with 550 g of force. Air-conduction stimuli were calibrated in dB HL (ANSI, 1996) using a Quest Model 1800 sound level meter with a Brü el and Kjaer DB0138 2-cc coupler. As our recent findings have indicated Small & Stapells, 2006; Small & Stapells, submitted for publication) , these dB HL values are adult-based and threshold results are different for infants.
ASSR Recordings
ASSRs were recorded using the two-channel version of the Rotman MASTER system. Four electrodes were used to record the electrophysiologic responses; the noninverting electrode was placed midline at the high forehead, the inverting electrodes were positioned low on the left and right mastoids, and an electrode placed at the low forehead served as a ground. All interelectrode impedances were below 3 kOhms at 10 Hz.
The EEG was filtered using a 30 to 250 Hz filter (12 dB/oct) and amplified 80,000 times (8000X in Nicolet HGA-200A and Nic501A; 10X in NIDAQ card). The EEG was further filtered using a 300-Hz lowpass anti-aliasing filter [Wavetek Rockland Model 852 (48 dB/oct)]. The EEG was then processed using a 1250-Hz A/D conversion rate . Each EEG recording sweep was made up of 16 epochs of 1024 data points (0.819 sec per epoch) and lasted a total of 13.107 sec. Artifact rejection was set to eliminate epochs of electrophysiologic activity that exceeded Ϯ40 V in amplitude to reduce contributions to the EEG due to muscle artifact.
ASSRs were averaged in the time domain then analyzed online in the frequency domain using a Fast Fourier Transform. Weighted averaging (John, et al., 2001a) was used. The Fast Fourier Transform resolution was 0.076 Hz over a range of 0 to 625 Hz. Amplitudes were measured baseline-to-peak and expressed in nV. An F-ratio was calculated by MASTER to estimate the probability that the amplitude of the ASSR at the modulation frequency for each carrier frequency was significantly different from the average amplitude of the background noise in adjacent frequencies within Ϯ60 bins (i.e., Ϯ4.56 Hz) of the modulation frequency ("noise") (John & Picton, 2000a) . A minimum of 10 sweeps was always recorded for each test condition. A response was considered to be present if the F-ratio, compared with the critical values for F (2,240), remained significant at a level of p Ͻ 0.05 for at least two consecutive sweeps. A response was considered to be absent if p Ն 0.05 and the mean amplitude of the noise was less than 11 nV. Alternatively, a response was also considered to be absent when response amplitude was Ͻ10 nV and the p value Ն0.30. & HEARING, VOL. 29, NO. 2, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] 
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Procedure
Testing was conducted in a double-walled soundattenuated booth in the Human Auditory Physiology Laboratory at the University of British Columbia. Hearing screening was performed in both ears at the beginning of the test session to establish that the participants were unlikely to have hearing loss. Infant participants were only tested when quiet and asleep; adults were tested while reclining in a comfortable chair and were either relaxed or asleep. Bone-conduction testing was performed for all participants with ears unoccluded. Multiple ASSRs were elicited to bone-conduction stimuli beginning at a randomized starting intensity until thresholds were obtained at all frequencies in the "test ear" (i.e., the ear for which bone-conduction thresholds are obtained); the bone-oscillator was then moved to the "non-test ear" (i.e., the side opposite to where thresholds were obtained) and bone-conduction ASSRs there were recorded only at 40 dB HL. Following bone-conduction testing, multiple ASSRs to air-conduction stimuli presented monaurally via insert earphones at 60 dB HL were elicited in the "test ear" and then the "non-test ear."
Threshold for each carrier frequency was determined using a bracketing technique adjusting the presentation level using 10-dB steps. The lowest intensity at which a response was present was considered "threshold." In some cases, a recording did not reach significance at a level above "threshold"; if only one recording did not reach significance, the lowest level at which the response was present was considered threshold. If recordings at two or more consecutive levels were not significant, the significant response at the lowest level was considered a "false-positive" and the lowest response above the absent responses was deemed "threshold." The total recording time was approximately 1.5 to 2.0 hr, including the time to obtain screening test results. All participants (or parents) signed a consent form and were paid an honorarium at the end of each session.
Data Analyses
Amplitude values were averaged across subjects, including ASSR amplitudes for responses that were not significant. The phase values from MASTER were adjusted by adding 90 degrees to yield the onset phase in degrees (John & Picton, 2000b ). Onset phase values were then converted to phase delay by subtracting the onset phase value from 360 degrees. Any phase-delay values that differed Ն180 degrees from an adjacent measure were "unwrapped" by adding 360 degrees to their value. Phase delay in degrees was then converted to phase delay in milliseconds to allow comparisons at different frequencies (John & Picton, 2000b) .* Phase values for ASSRs that were not significant were excluded from mean phasedelay calculations because non-significant phase values, being random, would distort the mean phase values. Phase-delay values were averaged across subjects. Results are only reported if at least five subjects contributed to the mean.
Air-and bone-conduction ASSR amplitudes and phase delays in milliseconds were also compared between EEG channels and across carrier frequencies within and between age groups. Within-group comparisons were made for bone-conduction mean amplitudes at 10, 20, 30, and 40 dB HL; statistical analyses were limited to stimulus intensities of 10 dB HL or greater because the majority of responses at lower intensities were within the noise floor. Withingroup comparisons were made for air-conduction mean ASSR amplitudes at 60 dB HL. Within-group comparisons for bone-conduction mean phase delays (msec) were made at 40 dB HL only because too few subjects had significant responses at all of the carrier frequencies at lower intensities. Comparisons of infant air-conduction mean phase delays (msec) were made at 4000 Hz only; at the other frequencies, there were as few as two to five infants who had significant responses in the contralateral channel at each of the frequencies, consequently, the ipsilateral/contralateral differences in phase delay could not be quantified. Comparisons of adult mean air-conduction ASSR phase delays (msec) were made at each of the carrier frequencies.
Between group comparisons for ASSR amplitude and phase delay between EEG channels were performed using difference scores. Because infant airand bone-conduction ASSR amplitudes were either smaller or larger than those for adults depending on the carrier frequency, the difference between ASSR amplitudes for the ipsilateral and contralateral EEG channel was normalized relative to the amplitude of the ipsilateral responses at 20, 30, and 40 dB HL (results at 10 dB HL were not included because small differences in amplitude relative to the small amplitude in the ipsilateral EEG resulted in normalized values that were not sensible). For boneconduction phase delays (in msec), the differences between ipsilateral and contralateral ASSR phase delays (contralateral minus ipsilateral) at 40 dB HL *In their study of adult air-conduction ASSRs, John and Picton (2000b) recommended adding an extra cycle to adjust for the number of cycles of the stimulus that may have occurred before the measured response. We did not do this as the number of cycles to add for infants and/or bone-conduction ASSRs are not known. Adding an extra cycle to the phase delays reported in the present study would increase the values by 13, 12, 11, and 10 msec at 500, 1000, 2000, and 4000 Hz, respectively. were compared across carrier frequencies. For airconduction ASSRs, the differences in phase delay were compared at 4000 Hz only.
In addition to reporting amplitude and phase measures, the percent occurrence of ipsilateral/ contralateral asymmetries in the ASSR were also described. The occurrence of ipsilateral/contralateral asymmetries was determined for the total number of responses obtained both at 30 and 40 dB HL. The results at 40 dB HL included ASSRs in the EEG channels ipsilateral and contralateral to the "test" and "non-test" ear. When asymmetries were present, the percent occurrence of amplitude differences between EEG channels (contralateral Յ90% of the amplitude of the ipsilateral responses) and phase differences between EEG channels (contralateral Ն1.6 msec later than ipsilateral responses) were also reported.
Comparisons were made within and between age groups for bone-conduction ASSR thresholds. Withingroup comparisons of air-and bone-conduction mean ASSR thresholds were made between EEG recording channels (i.e., ipsilateral versus contralateral) and across carrier frequencies. For between-group comparisons, the differences between ipsilateral and contralateral ASSR thresholds (contralateral minus ipsilateral) were compared between age groups and across carrier frequencies; this measure also provided an estimate of interaural attenuation when responses were absent in the contralateral EEG channel [(i.e., if a response were present in both EEG channels, both cochleae may have been stimulated (although it is also possible that only one cochlea was stimulated); however, if a response were only present in the ipsilateral EEG channel, we could assume that the signal only stimulated the ipsilateral cochlea and a minimum estimate of interaural attenuation could thus be attained].
Comparisons of EEG channel, intensity, frequency, and age were made using two-and threeway repeated-measures or mixed-model analyses of variance (ANOVA) or t-tests, as appropriate. Casewise deletion was used when there were missing values in the data set. Hunyh-Feldt epsilon-adjustments for repeated measures were made when appropriate. Newman-Keuls post hoc comparisons were performed for significant main effects and interactions. The criterion for statistical significance was p Ͻ 0.05 for all analyses.
RESULTS
Representative polar plots of two-channel ASSR recordings to 2000-Hz air-and bone-conduction stimuli are shown for a typical infant and adult in Figure 1 . For the 4-mo-old infant, when the left ear/mastoid was stimulated the air-and bone-conduction ASSRs recorded in the right EEG channel (i.e., contralateral EEG) had smaller amplitudes and longer phase delays compared with those in the left EEG channel (i.e., ipsilateral EEG). The same pattern of ipsilateral/contralateral asymmetries was also evident when the ear/mastoid was switched (i.e., the right ear/mastoid was stimulated). In contrast, the adult did not show consistent ipsilateral/ contralateral asymmetries in the air-or bone-conduction ASSRs. In this adult example, the air-and bone-conduction ASSR amplitudes were similar in both the EEG channels ipsilateral and contralateral to the ear/mastoids stimulated and although the airand bone-conduction ASSR phase delays were longer in the right EEG channel when the left ear was stimulated, the difference in ASSR phase delays between EEG channels when the right ear was stimulated was negligible. Similar to the individual results, the grand mean (vector average) results for two-chan- nel ASSR recordings to 2000-Hz air-and bone-conduction stimuli for infants and adults, shown in Figure 2 , indicate consistent ipsilateral/contralateral asymmetries in amplitude and/or phase delay for infants, and inconsistent asymmetries in amplitude and phase delay for adults.
ASSR Amplitude
Figure 3 compares the mean air-and bone-conduction ASSR amplitudes in infants and adults recorded in the EEG channels ipsilateral and contralateral to the stimulated "test" ear for each frequency. For airconduction stimuli (60 dB HL), infants had substantially smaller mean ASSR amplitudes in the EEG channel contralateral to the stimulated ear compared with mean ASSR amplitudes in the ipsilateral EEG channel at each frequency (contra was 20% to 43% of ipsi); adults showed the same trend; however, the difference was not as large (contra was 50% to 78% of ipsi). For bone-conduction stimuli (10 to 40 dB HL), infants also had smaller mean ASSR amplitudes in the contralateral EEG channel compared with the ipsilateral channel at each frequency (contra was 57% to 73% of ipsi); in contrast, adults had only slightly smaller bone-conduction mean ASSR amplitudes in the contralateral EEG channel (contra: 80% to 96% of ipsi). The same pattern of ipsilateral/contralateral asymmetries for air-(60 dB HL) and bone-(40 dB HL) conduction stimuli were observed when the stimulus was switched to the opposite ear and the "non-test" ear was stimulated.
The results of statistical analyses comparing airconduction ASSR amplitudes in the contralateral and ipsilateral EEG channel across carrier frequencies for each age group and between age groups are shown in Table 1 . Both infants and adults had air-conduction ASSRs amplitudes that were significantly smaller in the contralateral EEG channel compared with the ipsilateral EEG channel. In infants, the effect of frequency approached significance (p ϭ 0.058), whereas, for adults the effect of frequency was not significant. There was no significant interaction between channel and frequency for either age group. As shown in Table 2 , both infants and adults also had significantly smaller bone-conduction amplitudes in the contralateral EEG channel compared with the ipsilateral EEG channel (10 to 40 dB HL across frequencies), and there were no significant channel ϫ frequency or intensity ϫ channel ϫ frequency interactions for either age group. For air-conduction stimuli, results of an ANOVA revealed significantly larger differences between EEG channels (i.e., contra smaller than ipsi) for infants compared with adults (Table 1 ). The effect of frequency was also significant. Post hoc comparisons indicated that the significant effect of frequency was explained by larger ipsilateral/contralateral amplitude differences at 1000 Hz compared with 500 and 4000 Hz. No significant interactions between age and frequency were found for these air-conduction ipsi/contra amplitude differences. As shown in Table  2 , the differences in infant bone-conduction ASSR amplitude between EEG channels were also significantly larger compared with adults. There were no significant main effects of intensity or frequency, and no significant interactions among age, intensity or frequency for these bone-conduction ipsilateral/ contralateral amplitude differences.
ASSR Phase Delay
The air-conduction results shown in Figure 4 indicate that infants had longer ASSR mean phase delays for responses in the contralateral EEG compared with responses in the ipsilateral EEG channel. In the ipsilateral EEG channel, all nine infant subjects had air-conduction responses present at 60 dB HL at each carrier frequency; in contrast, only 2, 4, 5, and 7 subjects at 500, 1000, 2000, and 4000 Hz, respectively, had significant responses in the contralateral EEG channel (contra responses were present in only 31/70 recordings). For adults, responses were present in the contralateral EEG channel when present in the ipsilateral channel for 45/47 recordings.
For infants, results of a t-test for paired samples revealed that ASSRs elicited by 4000-Hz air-conduction stimuli had significantly longer phase delays in the EEG channel contralateral to the stimulus compared with the ipsilateral channel [t (8) ϭ 12.427, p Ͻ 0.0001]. Unlike infants, adults did not show significant differences in air-conduction ASSRs phase delay between the ipsilateral and contralateral EEG channels [F (1,6) ϭ 0.424, p ϭ 0.539]. The adult phase delay data also showed no significant effect of frequency [F (3,18) 
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For bone-conduction stimuli, mean ASSR phase delays for infants were consistently longer in the EEG channel contralateral to the test ear (Fig. 4) . In contrast, adults showed (1) no difference in boneconduction mean ASSR phase delays between EEG channels for some intensities and frequencies, (2) longer mean phase delays in the contralateral EEG channel for other conditions (20 dB HL for 2000 Hz; 40 dB HL for 4000 Hz), and (3) in one mean, ASSR phase delay was shorter in the contralateral channel (30 dB HL for 1000 Hz). In addition, more boneconduction responses were absent in the contralateral EEG channel for infants compared with adults, as discussed earlier.
Results of an ANOVA, shown in Table 3 , revealed significantly longer mean bone-conduction ASSR phase delays at 40 dB HL in the contralateral channels for both infants and adults. There was also a significant effect of frequency on ASSR phase delay for both groups. There were no significant EEG channel ϫ frequency interactions on ASSR phase delay for either group. Post hoc comparisons indicated the significant frequency effect in infants was explained by longer ASSR phase delays at 1000 Hz compared with 500, 2000, and 4000 Hz and longer phase delays at 500 Hz compared with 4000 Hz. For adults, the significant effect of frequency was explained by shorter ASSR phase delays at 4000 Hz compared with 500, 1000, 2000, and 4000 Hz.
Infants had larger phase-delay differences between EEG channels for air-conduction stimuli compared with adults at all frequencies (Fig. 4) , although statistical analyses were only possible at 4000 Hz because only 11/27 ASSRs of infants were significant in the contralateral EEG channel for 500, 1000, and 2000 Hz. For 4000 Hz, results of a t-test indicated that the phase delay differences between EEG channels were significantly larger for infants compared with adults [t (8) ϭ 3.020, p ϭ 0.012].
For bone-conduction stimuli (500 to 4000 Hz), infants tended to have larger ASSR phase delay differences between EEG channels compared with adults. The results of an ANOVA (Table 3) indicated that this trend nearly reached significance (p ϭ 0.050). The effect of frequency also approached significance (p ϭ 0.053), suggesting that differences in phase delay between EEG channels were slightly larger at 4000 Hz compared with the other frequencies. There was no significant age ϫ frequency interaction for boneconduction ASSR phase delay differences between EEG channels. 
Occurrence of Ipsilateral/Contralateral Asymmetries
The presence of ipsilateral/contralateral asymmetries was determined using four different criteria, which included: (1) "Amp": ASSR amplitude was smaller in the contralateral EEG channel, (2) "Phase": ASSR phase delay was longer in the contralateral EEG channel, (3) "Amp & Phase": ASSR amplitude was smaller in the contralateral EEG channel and ASSR phase delay was longer in the contralateral EEG channel, and (4) "Amp or Phase": ASSR amplitude was smaller in the contralateral EEG channel or ASSR phase delay was longer in the contralateral EEG channel † Criterion (3) is the most strict, whereas criterion (4) is the least strict. Figure 5 shows the occurrence (in percent) of ipsilateral/contralateral asymmetries (i.e., smaller ASSR amplitudes and/or longer phase delays in the EEG channel contralateral to the stimulus ear) pooled across frequency for air-(60 dB HL) and bone-(30 and 40 dB HL) conduction stimuli for infants and adults. Overall, many more infants showed these ipsilateral/contralateral asymmetries for both air-and bone-conduction stimuli compared with adults using any of the four criteria. For infants, the greatest number of responses that showed ipsilateral/contralateral asymmetries was found for air-conduction stimuli. Using the strictest criterion (amplitude and phase), 86% of these air-conduction responses showed ipsilateral/ contralateral asymmetries, whereas, for the leaststrict criteria (amplitude or phase), 92% to 100% of infant responses showed these asymmetries. In infants, the occurrence of ipsilateral/contralateral asymmetries for air-conduction stimuli was slightly higher when amplitude alone was used as the criterion versus phase alone. For adults, ipsilateral/ contralateral asymmetries seen for air-conduction stimuli were found for only 32% of the responses for the most-strict criterion and ranged from 52% to 77% for the least-strict criteria.
For bone-conduction stimuli, ipsilateral/contralateral asymmetries occurred more frequently in infants than in adults, and these asymmetries occurred slightly more often at 30 dB HL compared with 40 dB HL. For infants, using the most-strict criterion, the percent occurrence of asymmetries for bone-conduction stimuli was 78% for 30 dB HL and 66% for 40 dB HL; for the least-strict criteria, the percent occurrence increased to 96% for 30 dB HL and 89% for 40 dB HL. In infants, the occurrence of ipsilateral/contralateral asymmetries for bone-conduction stimuli, in contrast to the air-conduction stimuli, was slightly lower when amplitude alone was used as the criterion versus phase alone. In adults, there was only a 44% occurrence of asymmetries in the ASSRs to bone-conduction stimuli using the most-strict criterion and, at most, a 59% to 81% occurrence using the less-strict criteria. Figure 5 also shows the percentage of contralateral responses that were Յ90% of the amplitude of the ipsilateral responses or Ն1.6 msec later than ipsilateral responses when asymmetries were present for infants and adults. Infants had a greater number of occurrences of large amplitude (contralateral responses Յ90% of the amplitude of the ipsilateral responses) and phase (contralateral Ն1.6 msec later than ipsilateral responses) differences between † Phase delay increases as intensity decreases until the response disappears and no sensible phase can be measured. It is therefore reasonable to consider the phase delay of a response that is absent in one EEG channel to be "longer" than the phase of the response present in the other EEG channel. EEG channels for air-and bone-conduction stimuli when asymmetries were present compared with adults. Large ipsilateral/contralateral amplitude differences for air-and bone-conduction stimuli were 13% to 14% more prevalent for infants compared with adults. Large ipsilateral/contralateral phase differences were 76% and 34% more prevalent for air-and bone-conduction stimuli in infants compared with adults.
ASSR Threshold
The mean ASSR thresholds estimated from responses recorded in the EEG channels ipsilateral and contralateral to the "test ear" are shown in Table 4 . For infants, mean ASSR thresholds were 13 to 15 dB poorer for ASSRs recorded in the contralateral EEG channel compared with those in the ipsilateral EEG channel; the channel effect was statistically significant [F(1,10) ϭ 34.468, p ϭ 0.0002]. There was a significant effect of frequency [F(3,30) ϭ 5.046, p ϭ 0.006], similar to results reported in our previous studies (Small & Stapells, 2006; submitted for publication); however, no significant interaction between EEG channel and frequency [F(3,30) ϭ 0.759, p ϭ 0.526] was found. For adults, there was no difference between mean ASSR thresholds for responses recorded in the contralateral or ipsilateral EEG channels [F(1,14) ϭ 0.028, p ϭ 0.869]. There was a significant effect of frequency [F(3,42) ϭ 12.175, p Ͻ 0.0001] but no significant interaction between EEG channel and frequency [F(2,27) ϭ 0.060, p ϭ 0.981]. Post hoc comparisons revealed that the significant effect of frequency was explained by significantly poorer thresholds at 500 Hz compared with higher frequencies and significantly poorer ASSR thresholds at 1000 and 2000 Hz compared with 4000 Hz. The results also show that 34% of infant results did not have significant bone-conduction ASSRs in the contralateral EEG channel when responses were present in the ipsilateral EEG channel, whereas, only 12% of adult results did not have significant ASSRs in the contralateral EEG channel when responses were present in the ipsilateral EEG channel. Tables 5 and 6 show the differences (in dB) in bone-conduction ASSR threshold between EEG channels for each individual infant and adult at each carrier frequency. For infants, the difference between ASSR thresholds in the ipsilateral and contralateral EEG channels was significantly larger than for adults I1  20  20  30  10  I2  30  20  20  20  I3  10  0  20  20  I4  10  30  20  20  I5  20  Ϫ10  0  10  I6  10  0  ՅϪ10  10  I7  30  20  20  10  I8  10 
DISCUSSION
The results of this study indicate that there are ipsilateral/contralateral asymmetries in two-channel recordings for both air-and bone-conduction ASSRs, and like the ABR, there are differences in these asymmetries between infants and adults.
In response to monaural air-conduction stimuli (500 to 4000 Hz), infant ASSR amplitudes in the contralateral EEG channel were approximately onethird of ASSR amplitudes in the ipsilateral EEG channel; in contrast, adult mean ASSR amplitudes in the contralateral EEG channel were approximately two-thirds that in the ipsilateral EEG channel. Thus, for infants, the difference in amplitude between EEG channels (relative to the amplitude of the response in the ipsilateral EEG channel) for air-conduction stimuli was approximately twice the difference observed for adults. Our two-channel airconduction results for infants are consistent with previous findings from van der Reijden et al. (2005) , who also reported that infants had smaller or absent ASSRs in the EEG channel contralateral to an air-conducted stimulus compared with the EEG channel ipsilateral to the stimulus.
For bone-conduction stimuli (500 to 4000 Hz; 10 to 40 dB HL), infant ASSRs in the contralateral EEG channel were approximately two-thirds of ASSR amplitudes in the ipsilateral EEG channel, whereas adult ASSR amplitudes in the contralateral EEG channel were 91% of the amplitudes in the ipsilateral EEG channel. Clearly, infants had significantly larger differences in bone-conduction response amplitudes between EEG channels (relative to the amplitude of the response in the ipsilateral EEG channel) compared with adults, and this is seen at all frequencies.
Air-conduction ASSRs (500 to 4000 Hz) were absent in the contralateral EEG channel for approximately half of the infant subjects when responses were present in the ipsilateral EEG channel. When ASSRs were present in the contralateral EEG channel, phase delays were significantly longer compared with the ipsilateral EEG channel (2.72 msec longer, on average). By comparison, 96% of adults had air-conduction ASSRs present in the contralateral EEG channel when they were present in the ipsilateral EEG channel, and these showed no significant difference in phase delay between EEG channels.
Bone-conduction ASSRs were absent in the contralateral EEG channel for 34% of infants but only 12% of adults. When present, ASSR mean phase delays were significantly longer in the contralateral EEG compared with the ipsilateral EEG channel for all frequencies for infants and adults; however, the difference in phase delay (at 40 dB HL) tended to be greater for infants than for adults.
The percent occurrence of asymmetries in the ipsilateral/contralateral EEG channels for infants tended to be higher for air-conduction ASSRs (86% to 100%) compared with bone-conduction ASSRs (66% to 96%), and slightly higher for bone-conduction stimuli at 30 dB HL (73% to 96%) compared with 40 dB HL (66% to 89%). For adults, ipsilateral/ contralateral asymmetries in both their air-conduction (32% to 77%) and bone-conduction (41% to 81%) responses occurred less often compared with infants. Infant-adult differences were also seen for boneconduction ASSR mean threshold estimated in the ipsilateral and contralateral EEG channels. Infant ASSR mean thresholds were higher (i.e., poorer) in the contralateral EEG channel compared with the ipsilateral EEG channel; no difference in ASSR mean threshold between EEG channels was found for adults. In addition to showing maturational differences in the ASSR in the ipsilateral and contralateral EEG channels, the two-channel ASSR threshold data to bone-conduction stimuli can provide an estimate of interaural attenuation in infants and adults, and reflect the degree of individual variability in interaural attenuation. The results of this study showed that interaural attenuation to bone-conducted stimuli was 10 dB or greater in 79% of the infant recordings, 20 dB or greater in 44% of infant recordings and 30 dB or greater in 6% of recordings. For adults, the largest difference in ASSR threshold between EEG channels was 10 dB, and only 28% of the adult recordings showed a difference in ASSR threshold for the ipsilateral and contralateral EEG channels. The results of the study also indicate that interaural attenuation is more variable in young infants than in adults. This is the first study that has investigated ipsilateral/contralateral asymmetries in ASSRs elicited by air-and bone-conduction stimuli in infants and adults. Clearly, ASSRs recorded in the EEG channels ipsilateral and contralateral to air-and boneconduction stimuli in infants are not the same as those in adults, a pattern similar to previously reported results for ABRs to air- (Edwards, et al., 1985; Stapells & Mosseri, 1991) and bone-conduction stimuli (Foxe & Stapells, 1993; Stapells & Ruben, 1989; Stuart, et al., 1996) .
ASSR recordings to monaural air-conduction stimuli in infants and adults demonstrate ipsilateral/contralateral asymmetries that are present when only one cochlea is stimulated and the cochlea of origin is known, i.e., the cochlea ipsilateral to the stimulated ear for a monaural air-conduction stimulus. A number of studies using monaural air-conducted click stimuli have shown that the morphology of the ABR waveform in the contralateral EEG channel differs from that in the ipsilateral EEG channel (Edwards, et al., 1985; Furune, et al., 1985; Stapells & Mosseri, 1991) . In young infants, the ABR waveform in the ipsilateral EEG channel has recognizable waves I, III and V; yet, in the contralateral EEG channel, the peaks in the ABR waveform differ in polarity, amplitude and latency to the degree that a new labeling scheme for the contralateral response using the letters A through E was proposed (Edwards, et al., 1985) . Stapells and Mosseri (1991) reported that the peak-to-peak amplitudes of A-B and D-E' in the contralateral EEG channel are smaller than the I'-III and V-V' in the ipsilateral channel for infants at least up to 18 mo of age which is consistent with the results reported earlier for neonates by Edwards et al. (1985) . Edwards et al. also reported that only 35% of neonates had contralateral responses to 30 dB nHL air-conducted clicks, which is similar to the percentage of infants that had contralateral ASSRs to air-conduction stimuli in the present study.
Recordings to bone-conducted stimuli may involve stimulation of both cochleae because much less attenuation of the signal occurs via bone conduction compared with air conduction, for infants and adults, as discussed earlier. For adults, it is well documented that there is no more than 10 dB attenuation for a bone-conducted stimulus (Nolan & Lyon, 1981) , consequently, ASSRs in the EEG channels ipsilateral and contralateral to the "test ear" are likely a combination of responses resulting from stimulation of both cochleae, not just the cochlea on the same side as the oscillator. Based on our boneconduction ASSR findings, individual infants have at least 10 to 30 dB of interaural attenuation. These ASSR results are consistent with previous estimates of attenuation of bone-conducted signals reported by Yang et al. (1987) for infants up to 1 yr of age. For infants, therefore, a bone-conducted signal may or may not cross over to stimulate the opposite cochlea depending on the stimulus presentation level. Foxe and Stapells (1993) found that bone-conduction ABR wave V amplitudes in infants were significantly smaller in the contralateral EEG channel for 500-and 2000-Hz stimuli (55% and 79% of ipsi, respectively). In adults, they found that ABR wave V amplitudes in the contralateral channel were only slightly smaller, albeit significantly, for 500-Hz stimuli, and found no differences in wave V amplitudes between the ipsilateral and contralateral channel for 2000 Hz. In this study, the mean boneconduction ASSR amplitudes were significantly smaller in the contralateral channel for all frequencies for both infants and adults; however, similar to the ABR results, the asymmetries in ASSR amplitude between EEG channels were much larger for the infants compared with the adults.
Foxe and Stapells found that for infants and adults, ABR wave V latencies were significantly later in the contralateral EEG channel for both 500-and 2000-Hz bone-conduction stimuli at all intensities (infants: 0 to 40 dB nHL; adults: 0 to 60 dB nHL), but the prolongation of wave V was greatest near threshold, and that latencies were more prolonged in the contralateral EEG channel in infants (1 to 2 msec) compared with adults (Ͻ0.75 msec). These ABR results are consistent with the findings of this study which showed that bone-conduction ASSR mean phase delays in infants and adults were longer across frequency in the contralateral EEG channel, and that the differences in phase delays between EEG channels for bone-conduction stimuli were also greater in infants compared with adults.
In adults, the differences in ASSR amplitude and phase delay between EEG channels to airconducted stimuli are larger than those to boneconducted stimuli. The smaller differences to bone-conduction stimuli suggest that both cochleae are stimulated to some degree; thus the ASSRs in each EEG channel reflect a composite of ipsilateral and contralateral responses from both cochleae. It is also possible that bone-conduction ASSRs in the ipsilateral and contralateral EEG channels result from monaural stimulation; how-ever, this explanation is unlikely considering that there is very little attenuation of a bone-conducted signal in an adult. For infants, the ipsilateral/ contralateral asymmetries observed for ASSRs to bone-conduction stimuli are substantial but smaller than those observed for ASSRs elicited by monaural air-conduction stimuli. These findings in infants are consistent with the idea that the main contributor to the bone-conduction response in the ipsilateral and contralateral EEG channels is the cochlea closest to the bone oscillator; an idea originally proposed for ABRs by Stapells and Ruben (1989) . The smaller asymmetries in the recordings for bone-conduction stimuli are likely explained by the stimulus crossing over, albeit attenuated, to stimulate the opposite cochlea, especially for higher intensity stimuli.
There are two main factors that contribute to these differences in two-channel bone-conduction ASSRs between infants and adults. The first factor for these infant-adult differences is the neuromaturational changes in the auditory brainstem with maturation. It is well established that the auditory brainstem is not fully mature until 3 to 5 yr of age. There are changes in myelination as well as length and orientation of the neural pathways throughout these first 5 yr of life Ponton, et al., 1994) . Edwards et al. (1985) also suggest that the ABR infant-adult differences in both the ipsilateral and contralateral EEG channels are due, in part, to the different dipole orientations of the same generators. The second factor is the immature structure of the infant's skull which directly affects the bone-conducted auditory signal that reaches the cochlea(e). In an adult, the skull is a large rigid structure with fused sutures which results in very little interaural attenuation for boneconduction signals, i.e., when a stimulus is presented to one mastoid, both cochleae are stimulated. In an infant, the skull is small with membranous unfused sutures (Anson & Donaldson, 1981; Eby & Nadol, 1986) which have different energy transmission properties; Sohmer et al. (2000) showed that acceleration of vibratory energy across the fontanelle is 14 dB less than across the temporal bone. The structure of the infant skull results in more interaural attenuation for bone-conduction stimuli compared with an adult skull, i.e., when a stimulus is presented to one mastoid, the signal is much more intense at the cochlea on the same side as the bone oscillator.
Clinical Implications
Infants have consistent ipsilateral/contralateral asymmetries in ASSRs to air-and bone-conduction stimuli which are not present to the same degree in adults. Similar to the ABR, these asymmetries in infants might be used clinically to determine which cochlea is responding to bone-conduction stimuli by assuming that the EEG channel which contains the ASSR with the larger amplitude and/or shorter phase delay is on the same side as the cochlea that is stimulated. This is very helpful when assessing infant hearing because clinical masking is time consuming and may not be practical when recording auditory evoked potentials in a sleeping infant. Also, the appropriate amount of clinical masking that should be used for infants when using bone-conduction stimuli is currently not known. The results of this study also indicate that the contralateral EEG channel should not be used to estimate air-or bone-conduction ASSR thresholds in infants.
Currently, normal levels for bone-conduction ASSRs in infants of different ages are available and can be used clinically to screen for normal bone-conduction hearing . Based on the findings of this study, it is recommended that twochannel recordings always be used when eliciting bone-conduction ASSRs, and that manufacturers incorporate this capability into all ASSR clinical equipment. However, it must be emphasized that there are currently no published bone-conduction ASSR data for infants with hearing loss. Clinical use of bone-conduction ASSR asymmetries will depend on future studies investigating these asymmetries in infants with conductive, mixed and sensorineural hearing loss.
